Abstract The human heart is the first organ to develop during embryogenesis and is arguably the most essential organ for life.
The field of cardiac tissue engineering has been working toward the development of biologic, cell-based therapies using knowledge from basic science research with the ultimate aim of regenerating cardiac muscle to repair the human heart. The different types of engineered cardiac tissue that exist are being tested in injury models. Most commonly, these are models of myocardial infarction due to the prevalence and global expansion of ischemic heart disease. Pediatric cardiac patients also will benefit from the development of engineered cardiac tissue to repair congenital heart defects such as ventricular and atrial septal defects, hypoplastic left heart, and the like.
Cells are the essential component of engineered tissues because the cell phenotype determines tissue function. In general, designing an engineered tissue requires creating a scaffold, incorporating the cell type or types of choice, and culturing the ''tissue'' in vitro, often using a bioreactor to provide perfusion or electromechanical stimulation before implantation as a therapeutic (Fig. 1) .
The scaffolds used for cardiac tissue engineering have evolved in recent years to include biodegradable synthetic polymers [4, 12, 14] , natural matrix proteins [2, 21, 23, 37] , and ''scaffold-free'' approaches that contain extracellular matrix produced only by the cells themselves [15, 25, 26] . Cell sourcing has included a broad range of cell types, from noncardiomyocytes or cardiomyocytes alone to (most recently) mixed populations of cardiomyocytes and vascular cells.
Because the upper limit of human cardiomyocyte proliferation appears to be approximately 1% per year at the age of 25 years (declining with age; [1] ), the heart is unable to replace damaged or malformed myocardium naturally. This low proliferation rate of cardiomyocytes limits cell numbers, plasticity of cardiac tissue, and cell availability as a clinically relevant source. Recent work to derive cardiomyocytes from self-renewing human embryonic stem cells (hESCs) and human-induced pluripotent stem cells (hiPSCs; genetically reprogrammed from somatic cells) has moved research toward clinical application and shifted the focus away from nonhuman species (e.g., chicken and rat cardiomyocytes) [24] .
The differentiation and maturation of hESC-and hiPSCderived cardiomyocytes may be promoted by bioreactors, which may incorporate solution flow, electrical stimulation, or mechanical stretch. Although recent years have seen many advances in cardiac tissue engineering, a number of challenges remain including cell sourcing, matrix composition, construct dimensions, vascularization, electromechanical coupling, and bioreactor design (reviewed in reference [31] ).
The promise of a human biologic implant for the heart continues to drive the development of engineered human cardiac tissue for heart repair due to ischemic injury or congenital heart defects. The presentation of these diseases in the clinic provides the basis for formulating design criteria, which include optimizing tissue construct strength, compliance, thickness, vascularization, and integration of electrical activation and contractility. Multiple approaches to meet these criteria exist in cardiac tissue engineering (reviewed in reference [36] , with implications for pediatric heart surgery).
The goals of this review are to highlight current research aimed at deriving human cardiomyocytes from renewable cell sources and to describe the use of cardiomyocytes in cardiac tissue engineering. We discuss considerations for human cardiac tissue engineering in cardiac repair for patients with congenital heart defects and future challenges for cardiac tissue engineering in regenerative medicine.
Human Cell Sources
Cardiac tissue engineering, of course, requires cardiomyocytes for creating heart muscle, and the field began publishing work with human cardiomyocytes derived from hESCs in 2007 [4] . Cardiomyocytes from neonatal rat hearts, previously the leading cell type applied in engineered constructs, still are used because they are easily harvested and applied. However, no clinically relevant equivalent exists for this cell, and thus its usefulness is limited to the research arena. Direct cell transplantation for heart repair after myocardial infarction has a longer history of moving toward the clinic, and in doing so has used both human cardiac and noncardiac cell types in preclinical and clinical studies, respectively.
Numerous studies have used hESC-derived cardiomyocytes for cell transplantation in rodent models of . Human cardiomyocytes can be assembled into an engineered tissue using various methods. They can then be used for repair of the heart due to myocardial infarction (MI) or congenital heart defects such as ventricular septal defects (VSDs) Pediatr Cardiol (2011) 32:334-341 335 myocardial infarction and have shown a preservation of cardiac function [6, [9] [10] [11] 30] , suggesting that hESCderived cardiomyocytes may be capable of remuscularizing the heart. Limitations of these studies include small graft size and imprecise injection locations of hESC-derived cardiomyocytes-two concerns addressed with cardiac tissue engineering. The unquestionable cardiogenic potential of hESCs has spurred much excitement, and current practices of differentiating human pluripotent stem cells into cardiomyocytes is founded in work using hESCs [24] . Three directed differentiation schemes have been described (reviewed in reference [24] ): (1) high-density monolayer directed differentiation with activin A and BMP4 developed by Laflamme and colleagues; (2) embryoid body-based directed differentiation with activin A, BMP4, the Wnt signaling inhibitor DKK1, and vascular endothelial growth factor (VEGF) developed by Keller and colleagues; and (3) co-culture of hESCs with the mouse visceral endodermlike cells (END-2 cell line) developed by Mummery and colleagues.
Cardiomyocyte purities range from 20% to 70% with these protocols, and density gradients or selection can yield greater than 90% purity. However, limitations to the broad clinical application of hESC-derived cardiomyocytes include the ethics debate surrounding the derivation of hESCs from human embryos, the risk of contaminating cell types, tumor formation, and the need for immune suppression that accompanies transplantation of a nonautologous cell type. Creation of hESC banks with defined human leukocyte antigen (HLA) types may be a way to tailor cell therapy to individuals (without the need for autologous cells) and to reduce the need for immune suppression [28] .
In addition to hESCs, both hiPSCs and induced cardiomyocytes (iCMs, see later) are renewable sources of human cardiomyocytes that could potentially be used for cardiac tissue engineering (Fig. 1) . The discovery that pluripotency can be induced from human somatic cells using viral transfection of four transcription factors (either Oct4, Sox2, Klf4, c-Myc or Oct4, Sox2, Nanog, Lin28) to create hiPSCs has revolutionized stem cell research [13, 20, 27, 29, 32] . Not only do hiPSCs eliminate ethical concerns surrounding the destruction of human embryos, but hiPSCs also may address the need for an autologous cell source for clinical use.
New issues arise with the use of hiPSCs. First, the time required to derive these cells may not be compatible with their autologous use in the clinic. Second, the use of transgenes is not compatible with clinical use, although reprogramming with alternative methods is underway [24] . Finally, the cost of donor-specific hiPSC generation and differentiation may be prohibitive.
The derivation of human cardiomyocytes from hiPSCs has been accomplished using high-density monolayer directed differentiation (in our studies [unpublished results] and those of others [24, 27] ), embryoid body-based directed differentiation [3] , and embryoid bodies with serum induction [16, 33] . Characterization of hiPSC-derived cardiomyocytes suggest they have functional properties comparable with those of hESC-derived cardiomyocytes [33] , although further studies are needed to improve the efficiency of cardiomyocyte generation in various hiPSC lines (as is true with different hESC lines).
Recently, Ieda et al. [7] reported the remarkable finding that fibroblasts from mouse heart or skin can be reprogrammed directly to a cardiomyocyte phenotype using three transcription factors (Gata4, Mef2c, and Tbx5) known to play key roles in cardiac development. These ''induced cardiomyocytes'' (iCMs) resemble neonatal mouse cardiomyocytes in terms of microarray gene expression patterns, formation of sarcomeres, propagation of action potentials, and synchronous beating, suggesting that pluripotent cells may not be required for producing cardiomyocytes in large numbers. Future studies likely will involve reprogramming of human fibroblasts into cardiomyocytes or tri-potential cardiovascular progenitors that can differentiate into cardiomyocytes, endothelial cells, and vascular smooth muscle cells for therapeutic use.
Engineered Human Cardiac Tissue
The process of assembling cardiac tissue in vitro has assumed different forms, from the development of complex synthetic biomaterial scaffolds with defined geometries [14] to the simple self-assembly of cells [15, 26] . Each method is valued for the lessons learned about tissue assembly. Furthermore, the field has collectively defined the characteristics and functions required for engineered cardiac tissue.
Studies currently are moving toward assessment of in vivo function, particularly with implantation in rodent models of myocardial infarction. Large animal studies will be important for the development of delivery techniques, assessment of efficacy, and identification of potential complications in larger, slower hearts on the path toward clinical trials. With these targets in mind, it is useful to categorize current research based on the scaffold used to form the engineered cardiac tissue, namely, the synthetic scaffold, the natural scaffold, or no scaffold (using only cells and their secreted extracellular matrix).
The first human cardiac tissue was engineered with a synthetic scaffold of 50% poly L-lactic acid and 50% polylactic glycolic acid in 2007 [4] . These two polymers are biodegradable, biocompatible, and already Food and Drug Act (FDA) approved because of their use in sutures and other medical devices. This suggests that these porous, sponge-like scaffolds could be more easily moved into the clinic.
Caspi et al. [4] seeded scaffolds (*3 9 3 9 1 mm 3 ) using Matrigel (a mouse-derived basement membrane protein gel, BD Biosciences, Franklin Lakes, NJ) with 0.4 9 10 6 hESC-derived cardiomyocytes alone, in biculture with endothelial cells (ECs;
In a follow-up study, Lesman et al. [12] implanted the triculture constructs into an uninjured rat heart and demonstrated the presence of cardiomyocytes, human lumens, and some perfusion of the implant after 2 weeks. However, low cell density in this scaffold and the use of Matrigel for seeding the cells preclude the therapeutic applicability of these constructs.
Our group recently participated in a study using a different synthetic hydrogel, Poly(2-hydroxyethyl methacrylate-co-methacrylic acid (pHEMA-co-MAA) (similar to soft contact lens material), patterned with pores to promote vascular in-growth and channels to promote aligned muscle fibers [14] . When acellular scaffolds were implanted into the heart, the host angiogenic and fibrotic responses varied as a function of pore size. Pores 35 lm in size were optimal, coinciding with maximal vascular density and minimal scar capsule. Pore size also controlled the phenotype of infiltrating macrophages, leading us to hypothesize that the scaffold-macrophage interactions mediate the stromal and vascular responses. Degradable versions of these scaffolds currently are being developed and seeded with hESCderived cardiomyocytes.
Natural scaffold materials for cardiac tissue engineering have found favor in a number of models because they are compatible with cell adhesion, can be remodeled by the cells, and are biocompatible. Zimmermann et al. [17, 37] have led this area of cardiac tissue engineering since 2000 using a collagen gel matrix mixed with cells (currently rat neonatal cardiomyocytes) and formed into rings and other shapes in molds. Mechanical stretching of these constructs has proved to be beneficial for cardiomyocyte alignment and force generation, and new methods have been developed to eliminate serum and Matrigel from their protocols to facilitate future translation to the clinic [17] .
Our group is using a similar collagen gel-based method with hESC-derived cardiomyocytes and vascular cells to examine cardiomyocyte and tissue properties (unpublished data). Because these natural scaffolds are formed from gels in macroscopic molds, there is less control over the microscopic geometry. However, increased cell density throughout these constructs is a major benefit, and ongoing work is creating microstructures within natural hydrogels [2] .
In an effort to create a whole heart with a natural scaffold, Ott et al. [19] decellularized a rat heart with detergent, maintaining a fully intact extracellular matrix and eliminating all cellular content. When rat neonatal cardiomyocytes were reseeded into the matrix and cultured for 8 days in a bioreactor to simulate cardiac pump function, the heart was able to produce 2% of adult rat heart function according to ex vivo assessment. This study suggests that recreating a micro-and macro-scale geometry that mimics the native heart may be essential for engineering cardiac tissue or a whole heart.
In an effort to maximize the cellularity of engineered cardiac tissue, two approaches have been developed using only cells and no exogenous scaffold. One method, pioneered by Miyagawa et al. [15] , has created sheets of cells using tissue culture dishes coated with poly(N-isopropylacrylamide), a temperature-sensitive polymer that releases the confluent cells as a sheet from its surface when the temperature is reduced from 37°C to 20°C. Thin sheets (50 lm) of rat neonatal cardiomyocytes have been layered and transplanted into infarcted rat hearts and shown to improve cardiac function up to 8 weeks [15] . Our group has been able to create sheets with hESC-derived cardiomyocytes using this method (unpublished data). This simple technology shows much promise for the scaffold-free approach, including the ability to control tissue surface area, although the delicate nature of these cell sheets may require a sturdy substrate for surgical implementation in humans.
Our group has developed another scaffold-free method, and the use of hESC-derived cardiomyocytes makes it the first scaffold-free engineered human cardiac tissue [26] . With our method, hESC-derived cardiomyocytes are dispersed and put into suspension culture on an orbital shaker. After 2 days, the cells adhere to one another and form diskshaped ''patches'' of cardiac tissue approximately 400 lm thick with a diameter controlled by the input number of cells (Fig. 2a) . The human cardiomyocytes proliferate at a rate exceeding 5% in 2 days, with proliferation diminishing to 1% by 11 days [26] . Cardiomyocyte function is maintained, as shown by visual beating of tissue patches, Ca 2? transients that propagate across the tissue and are blocked by heptanol (a gap junction blocker), and stimulated contractions up to about 3 Hz (Fig. 2b, c) . Multiple cell types can be mixed when the patches are first formed, enabling the use of triculture with cardiomyocytes, endothelial cells, and stromal/fibroblastic cells. When these three cell types are used, vascular-like structures readily form by selfassembly (Fig. 3a) .
Implantation of these engineered human cardiac tissue patches in the rat hind limb has shown more than a 10-fold increase in human cardiomyocyte graft size and more than a 10-fold increase in human lumens when vascular cells are included in the tissue patch versus a cardiomyocyte-only patch (Fig. 3b) , demonstrating the importance of vascular cell co-culture in engineered cardiac patches. Importantly, when these ''prevascularized'' cardiac tissue patches are implanted on uninjured rat hearts (Fig. 3c, d) , the large cardiac grafts develop bona fide human microvessels perfused with host red blood cells (Fig. 3e, f) .
Considerations for Cardiac Repair in Pediatric Patients
With the most common cause of infant death in industrialized nations arising from congenital heart defects (29% of all infant deaths), there is good reason to address the needs of pediatric cardiac patients [5] . The most severe cardiovascular defects require surgery, often within the first weeks or months of life. The most prevalent defect is the ventricular septal defect (VSD), followed by the atrial septal defect (ASD) and other malformations of the vasculature and ventricles. Large cardiac tissue constructs are required to correct malformations of the ventricles such as hypoplastic left heart syndrome or double-inlet left ventricle, as previously suggested [36] .
Patients with congenital heart defects have unique needs that require tailored approaches. For example, in many cases, the small size of infants requires only a small implant, but because children grow rapidly, the engineered cardiac tissue also needs to grow. This may be possible because engineered cardiac tissue is a biologic solution (rather than a mesh or mechanical device of fixed size) in which cell proliferation, hypertrophy/maturation, and graft integration with the host are major goals in the field.
Integration with the host tissue also may facilitate appropriate electrical conductance, potentially avoiding arrhythmogenesis that can occur with implants that cannot form electrical connections to the host. Indeed, differentiation of hESCs into specific cardiomyocyte subtypes (e.g., ventricular, atrial, and pacemaker) currently is being investigated [35] and may eventually be able to create Purkinje fibers that would be useful in repairing VSDs. The choice of cell source also is very important because using autologous or HLA-matched human cells in the pediatric population may help to avoid or at least minimize life-long immune suppression. Furthermore, because an infant's immune system is developing, the patient's age at the time of repair should be considered. Finally, surgical implantation methods should be considered because designing tissues with properties amenable to implantation via catheter [25] and [26] would minimize trauma and be a great advancement over open heart surgery in infants.
Future Challenges
Many challenges remain before engineered cardiac tissue can be translated to the clinic. In addition to the regulatory requirements, choice of cell source, and scaffold and cell composition, the field will need to address issues of cardiomyocyte growth and production (e.g., scalability and sterility), as well as surgical or catheter-based implementation. Large-scale production of human cardiomyocytes will require more sophisticated bioreactors with precise control over culture conditions such as oxygen levels and growth factors for directed cardiac differentiation, as are currently being developed [18] . Purity of the input cardiomyocyte or cardiovascular progenitor population will need careful control, particularly if differentiation from pluripotent stem cells and use of fluorescent reporters [8] or cell surface markers [22] proves to be beneficial for sorting the cell population of interest.
Limited cardiomyocyte proliferation will continue to be a challenge, which can be addressed in the choice of cell source. For example, immature cardiomyocytes (derived from hESCs or hiPSCs) retain some proliferative capacity and hypertrophy, with maturation potentially facilitating integration with the host and increased graft size after implantation. Also, controlling cardiomyocyte proliferation with gene therapy [34] may allow for controlled expansion of graft size as pediatric patients grow. Finally, tailoring engineered cardiac constructs for each type of repair (such as VSD, ASD, or large ventricular malformations) will require modulation of construct size, stiffness/durability, cardiomyocyte subtype, and implantation methods. The ultimate challenge will be to devise a biologic cardiac implant that improves patient outcomes compared with current surgical repair techniques for pediatric cardiac patients.
Conclusions
Although research in cardiac tissue engineering has focused primarily on restoring cardiac function after myocardial infarction, the principles for designing cardiac tissue can be tailored to address the needs of pediatric patients with congenital heart defects. Engineering of human cardiac tissue has taken multiple approaches including the use of synthetic scaffold materials, natural extracellular matrix proteins, and no exogenous scaffold. The rapid pace of discovery in stem cell research is facilitating the development of human cell sources for cardiomyocytes that include hESCs, hiPSCs, and potentially, human-induced cardiomyocytes. Culturing techniques may promote cardiomyocyte maturation (e.g., electrical and mechanical preconditioning) and proliferation (e.g., co-culture with endothelial cells and stromal cells), and the addition of vascular cells to engineered cardiac tissue both promotes in vivo vascularization and recapitulates the diversity of cells found in the heart. Engineered cardiac tissue can be used for studying the basic biology of cell-cell and cell-matrix interactions (such as occurs with vascular formation) and for drug discovery and testing. Yet the primary goal of cardiac tissue engineering continues to be the development of an implantable tissue for use in surgical repair of the heart in cases of myocardial infarction and congenital heart defects.
